INTRODUCTION
Members of the Adenoviridae family are non-enveloped, icosahedral viruses, of about 70-90 nm in size, with a linear, double-stranded DNA genome ranging from 26 to 46 kb. Their genomes are flanked by an inverted terminal repeat (ITR) at each end linked to a terminal protein. DNA sequence analysis indicates that this family is divided into five genera: Mastadenovirus, Aviadenovirus, Atadenovirus, Siadenovirus and Ichtadenovirus .
Adenoviruses (AdVs) infect a wide range of vertebrates, including mammals, birds, amphibians, reptiles and fish. Members of the Mastadenovirus and Aviadenovirus genera only infect mammals and birds, respectively (Benkö & Harrach, 2003) . However, members of the Atadenovirus genus have been reported in a broad range of hosts, including mammals (Dan et al., 1998) , birds (Hess et al., 1997) and reptiles (Farkas et al., 2008; Wellehan et al., 2004) . Similar to atadenoviruses, members of the Siadenovirus genus can infect birds (Kov acs & Benko, 2009; Kov acs et al., 2010) and amphibians (Davison et al., 2000) .
To date, only a single member of the Ichtadenovirus genus has been identified, which infects the white sturgeon (Kov acs et al., 2003) .
Although AdV infections are usually subclinical, various diseases are associated with AdVs. Common adenoviral diseases in humans include acute respiratory illness, epidemic keratoconjunctivitis, acute haemorrhagic cystitis, hepatitis, myocarditis and gastroenteritis (Ghebremedhin, 2014; Ishiko et al., 2008; Jones et al., 2007; Liu et al., 2014; Ryan et al., 2002) . In immunocompromised patients and transplant recipients, AdVs can be important causative agents of serious morbidity and mortality (Echavarría & Echavarria, 2008) . In addition, several AdV-related cases of severe morbidity have been reported in other individuals (Hoşnut et al., 2014; Lewis et al., 2009; Parcell et al., 2015) . In animals, canine AdV-1 (CAdV-1) causes infectious hepatitis, and CAdV-2 is associated with mild respiratory diseases (Appel et al., 1973; Swango et al., 1970) , while ovine AdV-7 has been associated with morbidity in lambs (DeBey et al., 2001) . However, AdVs have practical applications as the most widely used vectors for gene delivery in gene therapy and vaccination strategies, due to advantages of their high-efficiency in gene delivery and expression, high viral titres, ease of vector DNA modulation, and wellcharacterized biology (Geisbert et al., 2011; Kremer et al., 2000; Ledgerwood et al., 2014; Sharma et al., 2009; Ye et al., 2014) .
The best-characterized members of the Adenoviridae family are human AdVs (HAdVs). HAdVs are ubiquitous in human populations, especially in infants (Pauly et al., 2014; Rocholl et al., 2004) . To date, approximately 70 HAdV types have been identified and classified into seven species, Human mastadenovirus A to G (HAdV-A to HAdV-G). Recently, great attention has been paid to bats given their role as reservoirs of emerging viruses, including SARS coronavirus, Ebolavirus, Hendra virus and Nipah virus (Chua et al., 2000; Corman et al., 2015; Ge et al., 2013; Leroy et al., 2005; Li et al., 2005; Wang et al., 2011) . However, most bat viruses reported are RNA viruses and were identified by nucleic acid detection. Previously, we and other investigators have demonstrated the high prevalence and great genetic diversity of AdVs in different bat species by PCR screening (Anthony et al., 2013; Casas et al., 2010; Chen et al., 2012; Li et al., 2010; Lima et al., 2013; Vidovszky et al., 2015) . Given that over 1000 bat species are known worldwide (Simmons, 2005) , the prevalence and number of bat AdV types need to be further investigated. For example, only five successful adenoviral isolations from bats have been reported, including bat AdV-1 FBV1 from Pteropus dasymallus yayeyamae (Maeda et al., 2008) , bat AdV-2 PPV1 from Pipistrellus pipistrellus (Sonntag et al., 2009) , bat AdV-3 TJM from Myotis ricketti (Li et al., 2010) , bat AdV-4 from Rousettus leschenaulti (Raut et al., 2012) and the putative bat AdV-5 from Eidolon helvum . Full-length genomic sequences are currently only available for the TJM and PPV1 strains (Kohl et al., 2012; Li et al., 2010) , which were used to establish the species Bat mastadenovirus A and B, respectively. Here, we report the isolation and characterization of three novel AdVs from Rhinolophus sinicus, representing a distinct bat AdV species.
RESULTS

Isolation and identification of novel bat AdVs
After inoculation, three samples from Rhinolophus sinicus caused a cytopathic effect (CPE) in Vero E6 cells (Fig. 1) . Purified viral particles displayed a typical AdV morphology. The sequences of the PCR products corresponding to the conserved region of the AdV DNA polymerase (pol) gene further confirmed the successful isolation of bat AdVs. The three isolates shared 98-99 % nucleotide identity among themselves, and 73-74 % nucleotide identity with the closest homologue, porcine AdV-3 (Porcine mastadenovirus A). Interestingly, these isolates only exhibited a maximum of 69 % nucleotide identity with a bat AdV known to infect greater horseshoe (Rhinolophus ferrumequinum) bats (GenBank accession no.: JN167522). We tentatively named the novel isolates bat adenovirus WIV9-11 (BtAdV WIV9-11), based on the order of live viruses isolated in our laboratory at Wuhan Institute of Virology (WIV).
Full-length genomic characterization of BtAdV WIV9 to 11
Next-generation sequencing (454 Life Sciences platform) was used to determine the full-length genomic sequence of the WIV9-11 isolates. The resulting reads were assembled using Geneious software (version 5.5.9), with an average coverage depth of >200 for each virus. The terminal sequences were further confirmed by 3¢ RACE PCR (Frohman et al., 1988) . The genomes of WIV9-11 (GenBank accession nos.: KT698853-KT698855) were found to be 37 545 bp, 37 556 bp and 38 073 bp in length, respectively, which fall within the sizes of mastadenoviruses (ranging from 30 536 to 37 860 bp) ( Table 1 , Fig. 2 ). The DNA G+C content of these novel AdVs was 55 mol% and was within the range for mastadenoviruses, but their 51 bp ITR sequences were shorter than those of known mastadenoviruses, ranging from 93 to 371 bp. The terminal sequences of WIV9-11 were identical, except for a guanine deletion at 37 511 bp in the genome of WIV9. The full-length genomic sequences of these three isolates shared 92-94 % nucleotide identity.
Characterization of the protein-coding regions in the three novel AdVs
The ORFs with a possible coding capacity above 40 aa residues were identified in both strands of each genome. Protein-coding regions were assessed by studying transcription and translation signals, positional conservation and similarity to known genes. The WIV9-11 genomes each encoded 33 genes and had identical genomic organization (Fig. 2) . The gene content and splicing features of WIV9-11 were similar to those of mastadenoviruses (Davison et al., 2003) , but differed in the highly variable regions, E3 and E4 (Kohl et al., 2012; Li et al., 2010) . All gene-coding regions of the three isolates shared high similarities among themselves at both the nucleotide and amino acid levels, except for the hexon, long E3 and fibre genes. However, the genecoding regions possessed low similarity to those of other mastadenoviruses, including bat AdVs.
The E3 transcription unit is initiated from a single promoter and located oriented rightward between the pVIII gene and the U exon (Davison et al., 2003) . The bat AdV strains, PPV1 and TJM, both contain the 12.5K and E3A genes (Kohl et al., 2012; Li et al., 2010) . In addition to the 12.5K-homologue gene, WIV9-11 contained two genes which have no homology to any known genes in the GenBank database. We tentatively named these two genes as small E3 (E3s) and large E3 (E3l). The E3l gene is located in the middle region and encodes a large protein with a size of 1486 aa in WIV9, 1482 aa in WIV10 and 1648 aa in WIV11. The E3s gene, encoding 99 aa, is located immediately 3¢ to E3l and is highly conserved among WIV9-11.
The E4 regions also show great variation among mastadenoviruses. Genes in this region are usually named according to the ORF number, except for the conserved 34K gene (Davison et al., 2003) . In the newly isolated bat AdVs, seven genes were identified in each E4 region, including ORF1, ORF2, ORF3, ORF4, ORF5, 34K and ORF6/7. With the exception of the 34K and ORF6/7 homologues, other E4 genes of WIV9-11 were not detectably similar to any known genes in the GenBank database.
Analysis of the long E3 gene
The E3l proteins showed 60-81 % aa identity among WIV9-11. Alignment of the putative amino acid sequences revealed highly conserved N and C termini, but a hypervariable region from 700 to 1399 aa (using WIV9 as the reference strain). Structure predictions suggested an identical structure for all three E3l proteins, which contain 11 or 12 transmembrane domains and several immune-related motifs, including two immunoglobulin-like beta-sandwiches (831-926 aa and 1238-1325 aa in WIV9), a junction adhesion molecule-like domain (836-1138 aa in WIV9) and a T-lymphocyte-adhesion glycoprotein CD2-like domain (1231-1406 aa in WIV9).
To study transcription of the E3l gene, Vero E6 cells were infected with WIV9 at an m.o.i. of 5. Total RNA was extracted from the infected cells at different time points and subjected to reverse-transcription (RT)-PCR (Fig. 3) . The transcripts were detected with all gene-specific primers, demonstrating the presence of the E3l gene. Sequencing of the PCR products confirmed these results (Fig. 3c) . By 3¢-RACE PCR, we detected E3l mRNA transcription from 4 to 36 h post-infection (p.i.), further confirming that E3l is an early gene.
Phylogenetic analysis
As described above, WIV9-11 had a conserved genomic structure typical of the Mastadenovirus genus, except for the unique organizations found in the E3 and E4 regions. To better understand the evolutionary relationship of the newly discovered bat AdVs, phylogenetic trees were reconstructed on the basis of both non-structural (pol) and structural (hexon) proteins, using the full-length sequences available in GenBank (Fig. 4) . Consistent with the structural genomic analysis, these isolates were grouped with members of the Mastadenovirus genus, but formed a distinct branch. Based on the distances of these DNA polymerases from those of known AdVs and taxonomic classification criteria, WIV9-11 were found to represent a third bat AdV species, distinct from Bat mastadenovirus A and B.
Replication kinetics and cell tropism
As shown in Fig. 5a , all three viral isolates exhibited similar replication kinetics. Exponential-phase replication of each virus was found to begin at~24 h p.i. and end at~96 h p.i., similar to that of HAdVs (Uchino et al., 2014) . No To assess the potential host range of these novel bat AdVs, we tested the susceptibility of different cell lines to WIV9-11. Eight of the 13 cell lines, including those originating from human, monkey, pig and three different bat species, were found to be susceptible to WIV9-11 (Fig. 5b) .
DISCUSSION
Previous investigations of novel bat viruses have mainly focused on RNA viruses due to the several known highly lethal RNA viral diseases that originate from bats (Chua et al., 2000; Ge et al., 2013; Leroy et al., 2005; Li et al., 2005; Wang et al., 2011) . Thus, DNA viruses infecting bats remain largely unexplored. Our previous findings based on PCR detection indicated that high genetic diversity of AdVs occurs in different bat species in China (Li et al., 2010) . Here, we extended this research by successfully isolating and characterizing three novel bat AdVs. These isolates are distantly related to previously reported bat AdVs and formed distinct evolutionary lineages. Based on our phylogenetic analysis and taxonomic classification criteria, they likely represent a distinct species of the Mastadenovirus genus. Notably, an extremely large E3 gene was identified in their genomes.
WIV9-11 represent the first description to our knowledge of multiple AdVs isolated from the same bat species. These isolates are highly conserved at both the genome and cell tropism levels, but are quite different from those of the previously reported bat AdVs, PPV1 (Kohl et al., 2012; Sonntag et al., 2009) and TJM (Li et al., 2010) , suggesting that host-specific evolution may have occurred. Like all mastadenoviruses, all these bat AdVs shared a similar genomic structure, with the exception of the E3 and E4 regions. Both regions are known to be highly variable in both the size and number of ORFs (Davison et al., 2003; Ursu et al., 2004) . E3 regions are present in all mastadenoviruses between the pVIII and fibre genes. The number of E3 genes in different AdV types ranges from one to nine (Davison et al., 2003; Roy et al., 2011; Ursu et al., 2004) . E4 is a leftward-oriented transcriptional unit present at the right terminus of the genome. There are five E4 genes in HAdV-F members, but six in members of other HAdV species (Davison et al., 2003) , three in murine AdV-2 (Hemmi et al., 2011) and eight in the tree shrew AdV-1 (Bahr et al., 2003) . PPV1 and TJM both contain two E3 genes (the 12.5K and ORFA) and six E4 genes (Kohl et al., 2012; Li et al., 2010) , while WIV9-11 contain three E3 genes (the 12.5K gene, and two unknown genes named E3l and E3s) and seven E4 genes. Notably, the E3l gene is an extremely large transcript of approximately 1500 aa, which is much larger than known E3 proteins of AdVs and is also the largest adenoviral protein reported to date.
In HAdVs, two distantly related genes encoding non-membrane proteins (12.5K and 14.7K) are usually located at the ends of the E3 unit. Genes located between them encode membrane proteins, which may have conserved regions involved in manipulating host immune responses (Deryckere & Burgert, 1996; Hofmayer et al., 2009) . These genes are not necessary for viral growth in vitro but are required for counteracting host immunity (Fessler et al., 2004) . Even though the E3l gene is not homologous to any known E3 gene with respect to protein sequence, we hypothesize that the E3l protein serves an immune-related function similar to that of HAdV E3 membrane proteins. Notably, the motifs are all located in the hypervariable region, indicative of selective pressure from the host immune system. Earlier studies of E3 proteins were mostly limited to HAdV-C members. The E3 19K protein controls. The NADPH gene (denoted by the asterisk) was also amplified using the 3¢-RACE strategy. The lane marked D was loaded with a DL5000 DNA marker. (c) Sequences were obtained from the PCR products. Gene-specific primers are underlined with arrows. Uppercase corresponds to the E3l ORF, while lowercase indicates the flanking sequence of the transcript. A conserved signal sequence (aataaa) followed by the polyA is presented at the 3¢-end. suppresses the recognition of infected cells by cytotoxic T lymphocytes (Burgert & Kvist, 1985; Burgert et al., 1987) and NK cells (McSharry et al., 2008) . Other E3 proteins protect host cells against apoptosis by down-regulating apoptosis receptors or blocking TNF-a-induced signalling (Horton et al., 1991; Shisler et al., 1997; Stewart et al., 1995) . Results from a recent study revealed a unique immunomodulatory pathway that a species-specific E3 gene of HAdV-D manipulates to control the functions of noninfected leukocytes (Windheim et al., 2013) . Due to its extremely large size, the E3l protein contains more transmembrane domains and immune-related motifs than the E3 proteins of HAdVs, which suggests that E3l may regulate immunomodulatory pathways and disease patterns that are distinct from those noted for the known E3 genes. The mechanism by which bat AdVs interact with the host immune system via the variable E3 genes needs to be further investigated.
Hexon and fibre are two of the major structural proteins of the viral capsid that are presented on the exterior surface. The hypervariable regions of hexon protein have been identified as the major epitopes recognized by type-specific neutralizing antibodies against HAdVs (Roberts et al., 2006) . Thus, diversity in the hexon proteins among the three bat AdVs may indicate differences in their antigenicity. Fibre is the most variable protein among WIV9-11, with the variation occurring mainly at the C-terminal end, which extends from the capsid and functions in host cell binding (Nicklin et al., 2005; San Martín et al., 2003) . Diversity in this region may indicate selection pressure from the host and may suggest distinct infectivity in vivo.
The replication kinetics of WIV9-11 are similar to those of HAdVs (Uchino et al., 2014) . However, despite their conserved genomic sequences, WIV10 replicated to much lower titres than did WIV9 and 11 in both the Vero E6 and RsKi cell lines, indicating that the diversity in some crucial genes or regions may have affected its infectivity and/or production. Further studies are required to clarify this phenomenon. Our findings indicated that WIV9-11 have wide cell tropisms, suggesting that their receptor molecules are widely distributed in the diverse cell types tested. Whether these viruses have the capability to infect other animals in vivo needs to be further investigated.
AdVs are common pathogens that are ubiquitous in animals and humans. The characterization of novel bat AdVs expands our knowledge of the diversity and evolution of AdVs in their natural reservoirs. Considering the diversity of bat populations and their specific characteristics, we suspect that many more novel bat AdVs remain to be discovered. The high prevalence of AdVs in bats and their ability to infect diverse mammalian cells in vitro highlighted the need for further surveillance of these viruses, for future investigations into their potential for spillover into human and animal populations, and for studying their pathogenicities in spillover hosts. However, based on their cell tropisms, they could be developed as potential delivery vectors for vaccines and gene therapy in the future.
METHODS
Sample collection. In 2012, total faeces and single faecal samples of Rhinolophus sinicus were collected in the caves of Yanzi and Shitou, which are located in Jinning County of Yunnan Province, China. The collection and storage of the bat samples were performed as described previously (Li et al., 2010) . (Crameri et al., 2009) . Four primary bat cell lines were successfully immortalized with SV40 large T-antigen. PaKi E9 cells were kindly provided by Dr Lin-Fa Wang (Crameri et al., 2009) , and MdKi cells were prepared as described previously (Li et al., 2010; Yang et al., 2015) . Bat cells were cultured in DMEM/F12-Ham (Sigma-Aldrich) supplemented with 10 % FBS and 1 % antibiotics. All cells were incubated at 37 C and 5 % CO 2 , and passaged at a ratio of 1 : 6 when their confluence reached 100 %.
Virus isolation and examination. Vero E6 cells were used for cell culture screening. Cells were seeded into 6-well plates and grown overnight to reach approximately 80 % confluence. For infection, homogenization was performed with either 2 g of total faeces in 10 ml Hank's buffer or with each single faecal sample in 1 ml virus transport medium (Ge et al., 2013) . One hundred microlitres of each homogenate was diluted 1 : 10 with cell culture medium containing a 5Â dose of antibiotics, and centrifuged twice at 15 000 g for 10 min. The supernatant from each sample was added to fresh cells and the cells were cultured for 1 h as described above, after which 1.5 ml complete medium containing a 5Â dose of antibiotics was supplied. Subsequently, the cells were subcultured for five passages and checked daily for CPE. Upon the occurrence of CPE, viruses were amplified in cells seeded in fresh 150 mm plates and harvested from the supernatants. Viral particles were purified by ultracentrifugation through a 40 % sucrose cushion at 110 000 g, using a SW28 rotor (Beckman Coulter), and checked by electron microscopy. PCR analysis targeting the partial sequence of the AdV pol gene was performed as described previously (Li et al., 2010) .
Viral genomic DNA preparation and full-length genomic sequencing. Purified viral particles were dissolved in 500 µl lysis buffer (200 mM Tris-HCl, 1 % TritonX-100, pH 8.0) and incubated at 37 C for 30 min with 2000 U ml À1 of micrococcal nuclease (Takara) to eliminate cellular DNA and RNA. SDS (pH 8.0) and proteinase K were added at concentrations of 0.6 % and 0.3 mg ml À1 , respectively, and the reaction mixture was incubated at 37 C for over 3 h. Viral DNA was extracted with phenol/chloroform and precipitated with an equal volume of isopropanol. Purified genomic DNA was dissolved in 50 µl TE (10 mM Tris-HCl, 0.1 mM EDTA, pH 8.0) and was analysed by shotgun pyrosequencing with a 454 Genome Sequencer FLX (454 Life Sciences). The raw 454 reads were assembled with Geneious software (version 5.5.9), using de novo assemblies (Kearse et al., 2012) . To confirm the terminal sequences of the viral genomes, the genomic DNAs were tailed with oligo-dA using terminal deoxynucleotidyl transferase (Takara), based on the manufacturer's instructions, and were then subjected to 3¢ RACE PCR (Frohman et al., 1988) . PCR was performed using an oligo-dTtailed anchor primer and each genome-specific primer (primer sequences available on request). PCR products were analysed by electrophoresis and directly sequenced using genome-specific primers.
Bioinformatics analysis. Genomic sequence analysis, including the identification of ORFs, the comparison of protein identities and the reconstruction of phylogenetic trees, was performed as described previously (Li et al., 2010) . Splice sites were predicted with SoftBerry using FSPLICE (http://linux1.softberry.com/berry.phtml) and were identified by comparing each genomic sequence to those of other mastadenoviruses. Putative protein sequences were analysed to predict the location of transmembrane and signal peptides with tools from the CBS Prediction Servers (http://www.cbs.dtu.dk/services/) and the Phobius program (http://phobius.sbc.su.se/) (K€ all et al., 2004) . Protein-structure predictions were performed with Protein Homology/analogy Recognition Engine V 2.0 (Phyre2) (http://www.sbg.bio.ic.ac.uk/phyre2/html/ page.cgi?id=index) (Kelley et al., 2015) . The mVISTA LAGAN tool (http://genome.lbl.gov/vista/index.shtml) was used to align and compare the full-genome sequences (Frazer et al., 2004) .
TCID 50 assay. Vero E6 cells were cultured to 70 % confluence in 96-well plates and infected for 1 h, using serial 1 : 10 dilutions of the original virus samples. Cells were maintained for more than 10 days until CPE became stable. The TCID 50 was calculated according to the method of Reed & Muench (1938) .
One-step growth curve. Vero E6 and RsKi cells were cultured in 6-well plates and grown overnight to reach 80 % confluence. Cells were infected with each of the bat AdVs at an m.o.i. of 5 for 1 h, washed five times with DMEM and maintained in 3 ml of medium containing 2 % FBS. The supernatants were collected at various times p.i. and stored at À80 C prior to titration. A protocol adapted from Thomas et al. (2007) was used to calculate the titres of infectious virus versus the copy number of encapsidated viral genome. First, a standard curve was prepared for quantitative PCR (qPCR) using the primers ZY-3702-WIV9L4-qF2 (5¢-GCCCGACTTTGTCAGTCAGAGTATG-3¢) and ZY-3703-WIV9L4-qR (5¢-GTTGGCCAGTTGGAGCAGATAGGTG-3¢) targeting the L4 region of the WIV9 genome. qPCR was performed using iTaq Universal SYBR Green Supermix (Bio-Rad), according to the manufacturer's instructions. Then, correlation curves were established between viral titres and genomic copy numbers. The TCID 50 was calculated using qPCR based on the above correlation curve.
Cell susceptibility analysis. To test the susceptibility of cell lines from different hosts to viral infection, cell types originating from different species, including human, monkey, pig, hamster and different bat species (Fig. 5b) , were cultured in 24-well plates to 50 % confluence and inoculated with each virus at an m.o.i. of 5. Indirect immunofluorescence assays were conducted using heat-inactivated anti-serum against each virus (prepared in rabbits with purified viral particles as described elsewhere; De Jong et al., 1999) at 20 h p.i. to detect infections.
Transcriptional analysis of the extremely large E3 ORF. Vero E6 cells were infected in 6-well plates with BtAdV-WIV9 at an m.o.i. of 5. Total RNA was extracted from the infected cells at 0, 4, 12, 18 and 36 h p.i. using the RNAprep Pure Cell/Bacteria Kit (Tiangen), according to the manufacturer's instructions. RT-PCR with 5¢ and 3¢-RACE strategies was used for detecting the transcripts (primer sequences are available on request). We performed 5¢-RACE PCR with the 5¢-Full RACE Kit with TAP (Takara), according to the manufacturer's instructions. For 3¢-RACE PCR, first-strand cDNA was synthesized with the oligodT-tailed anchor primer, and 2 µl of the resulting cDNA was used for PCR with the anchor primer and each gene-specific primer, as described previously (Wu et al., 2013) . PCR products were analysed and sequenced as described above.
